Increasing plant diversity in agroecosystems with cover crops has been a successful strategy to augment ecosystem services from agriculture, and increasing diversity of cover crops may provide even greater benefi ts. Productivity and ecosystem services from multi-species cover crop mixtures were measured in a 2-yr fi eld study of 18 cover crop treatments preceding conventionally tilled corn in central Pennsylvania. Increasing the number of species in a stand increased cover crop biomass (R 2 = 0.15). However, mixing cover crop species that were complementary in phenology or N acquisition strategy did not result in mixtures that produced more biomass than high yielding monocultures. Increasing cover crop biomass was positively correlated with several ecosystem services, namely weed suppression, prevention of nitrate leaching, and aboveground biomass N, but negatively impacted inorganic N availability and corn yield in the subsequent cropping season. Th e cover crop C/N ratio was another determinant of ecosystem services positively related to nitrate leaching prevention, but negatively related to inorganic N availability and corn yield. Th is study supports the long-held assumption that increasing biomass can enhance certain ecosystem services from cover crops; however, because the mixtures tested did not produce more biomass than high yielding monocultures, opportunities to increase biomassdriven services with mixtures may be limited. Th e correlation between biomass C/N ratio and ecosystem services in this study also indicates that functional traits, as opposed to biomass alone, will be important for predicting ecosystem services from cover crop mixtures.
E cosystem services are the benefi ts ecosystems off er to humans such as providing food and energy, regulating water quality, and supporting nutrient cycling (Millenium Ecosystem Assessment, 2005) . Increasing ecosystem services from agriculture is essential to meeting the needs of a growing global population while mitigating environmental degradation (Foley et al., 2011) . One potential strategy to augment services from row crops is to increase plant diversity (Robertson et al., 2014) . For example, diverse crop rotations can increase key services such as yield and water quality improvement (Tonitto et al., 2006; Smith et al., 2008) . Although spatial diversity through intercropping also has the potential to increase services (Vandermeer, 1989) , applications of this strategy for row crops may have limited feasibility due to management constraints and possible impacts on yield. Cover crops, which are grown during otherwise fallow periods of a crop rotation, may present opportunities to increase both temporal and spatial plant diversity and, consequently, increase ecosystem services in agronomic systems. In this paper, we measure ecosystem services associated with multi-species cover crop mixtures in a corn (Zea mays L.)-small grain rotation and identify cover crop characteristics that infl uence service provision.
Cover crops are increasingly recognized as a critical piece of sustainable agronomic production based on their ability to enhance farm productivity while reducing environmental risks (Snapp et al., 2005; Schipanski et al., 2014) . Multi-species cover crop mixtures have been proposed as a strategy to augment services from cover crops, in part due to expected increases in biomass production from mixtures (Creamer et al., 1997; Smith et al., 2014) . Expectations of higher productivity are based on extensive research in natural ecosystems demonstrating that increasing plant diversity leads to greater primary production (Hooper et al., 2005; Cardinale et al., 2011) . Whether this relationship holds for cover cropping systems is largely unexplored, and there are important contrasts between agronomic and natural systems that may limit the eff ects of diversity on cover crop productivity. Cover crops are annual species grown for a short time period, while the natural systems in which the diversity productivity relationship has been studied include perennial species and consider productivity over several years (Tilman et al., 2006; Marquard et al., 2009) . While cover crop bicultures (Ranells and Organic Agriculture & Agroecology
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Wagger, 1997; Lawson et al., 2013; Hayden et al., 2014; AlonsoAyuso et al., 2014) and higher order polycultures (Creamer et al., 1997 (Creamer et al., , 2001 Teasdale and Abdul-Baki, 1998; Madden et al., 2004) have been the subject of previous research, explicit tests for increased biomass production by mixtures (cover crop systems containing three or more species) relative to component monocultures are limited. The only examples of which we are aware (Wortman et al., 2012; Smith et al., 2014) concluded that springsown cover crop mixtures are more productive than monocultures because they exhibited overyielding. Overyielding occurs when a mixture of species produces more biomass per unit area than the average yield of the component species grown as monocultures (Garnier et al., 1997; Schmid et al., 2008) . Transgressive overyielding, in contrast, occurs when a mixture produces more total biomass per unit area than the most productive component species grown as a monoculture (Trenbath, 1974; Schmid et al., 2008; Cardinale et al., 2011) . While overyielding is frequently used to evaluate the efficiency of growing multiple crops in a fixed land area (Vandermeer, 1989) , transgressive overyielding may be more relevant to evaluate cover crop productivity, given the goal of maximizing absolute biomass production of a crop that is not harvested and for which the number of species cultivated is not determined by markets and food or feed sufficiency needs (Smith et al., 2014) . A key mechanism of increased biomass production by diverse plant mixtures is complementarity, which occurs when species differences in the spatial distribution, temporal availability, or types of resources used allow for greater total resource capture by a diverse mixture (Hooper, 1998; Cardinale et al., 2011) . Therefore, maximum biomass production benefits are expected from cover crop mixtures that include species exhibiting differences in architecture, physiology, and/or phenology (Loreau and Hector, 2001; Hooper et al., 2005) . Two types of complementarity that can be readily incorporated into cover crop mixtures are complementarity in N function and in phenology. Grass-legume bicultures incorporate N functional complementarity (i.e., grasses exploit soil N resources while legumes fix atmospheric N 2 in addition to using soil N) and have been extensively studied for their potential to both capture residual soil N and supply N to a subsequent crop Wagger, 1996, 1997; Lawson et al., 2013; Hayden et al., 2014; Alonso-Ayuso et al., 2014) . Biomass yield from grass-legume bicultures is frequently equal to or greater than yield from component monocultures (Trenbath, 1976; Ranells and Wagger, 1996; Hayden et al., 2014; Alonso-Ayuso et al., 2014) , suggesting that N functional diversity may lead to transgressive overyielding by cover crop mixtures. No studies to date, however, have tested this potential for high diversity mixtures. Similarly, tests of the potential of phenological diversity to increase biomass production are limited, as studies explicitly testing productivity benefits from mixtures have focused on spring-sown mixtures (Wortman et al., 2012; Smith et al., 2014) . Fall sown mixtures provide the opportunity to enhance biomass production (Creamer et al., 1997) The focus on biomass production from cover crop mixtures is largely due to the assumption that biomass influences ecosystem services derived from the cover crops. Early studies hypothesized that cover crop mixtures would exhibit increased biomass production that could lead to greater weed suppression and N retention (Creamer et al., 1997; Teasdale and Abdul-Baki, 1998) . Although a positive relationship between cover crop biomass and weed suppression has been documented (Mohler and Teasdale, 1993; Mirsky et al., 2013) , studies explicitly testing links between biomass and ecosystem services related to N dynamics are lacking. A rigorous evaluation of the relationship between cover crop biomass and ecosystem services may offer an explanation as to why recent studies have not seen an increase in ecosystem services from mixtures relative to monocultures despite evidence of overyielding (Wortman et al., 2012; Smith et al., 2014) . Cover crop characteristics other than biomass may also mediate ecosystem services from mixtures. For example, the C/N ratio of cover crop biomass is an important functional trait that influences subsequent crop yield (Kuo and Sainju, 1998; Starovoytov et al., 2010) and that can be manipulated through the species composition of mixtures (Ranells and Wagger, 1996; Creamer et al., 1997; Teasdale and Abdul-Baki, 1998) . Consideration of both cover crop biomass and C/N ratio, therefore, may be necessary to predict how cover crop mixtures will affect subsequent cash crop yields.
Despite interest among farmers in the use of cover crop mixtures, research-based information on this practice is limited. This study addresses a fundamental, yet unanswered, question for the design and management of cover crop mixtures: does species diversity in a cover crop increase biomass production and ecosystem services? Using a gradient of cover crop diversity levels (18 treatments spanning one to eight species), we tested whether cover crop species richness (the number of species in a mixture) and complementarity in N function and phenology increase cover crop biomass production. This study also tested whether cover crop biomass production is related to ecosystem service provisioning and explored the role of functional traits by comparing cover crop biomass and C/N ratio as predictors of five ecosystem services.
MATERIALS AND METHODS
Experimental Design This field experiment was conducted at the Russell E. Larson Agricultural Research Center near Rock Springs, PA (40°43¢ N, 77°55¢ W, 350 m elevation). This location receives 975 mm of precipitation annually and mean monthly temperatures range from 3°C (January) to 22°C (July). Cover crop treatments were planted on adjacent fields in 2011 and 2012 within an oat-corn rotation. The soil type in both fields was Hagerstown silt loam (fine, mixed, semiactive, mesic, Typic Hapludalf).
Experimental plots measuring 9.1 by 6.5 m were planted to cover crops after oat harvest on 30 Aug. 2011 and 24 Aug. 2012 in a randomized complete block design replicated four times. Eighteen cover crop treatments ranged in diversity from one to eight species and included a no cover crop control. Mixtures were designed to include one, two, or four functional groups defined by two characteristics: N function (N 2 fixing vs. N scavenging) and phenology (winter kill vs. winter hardy; Table  1 ). Each functional group was represented by at least two species in each mixture (Table 2) . Each site was moldboard plowed and disked before cover crop planting. All cover crop treatments were planted with a drill fitted with a cone seed distributor, and legume seed was mixed with dry inoculant before planting. Cover crop monoculture seeding rates were based on established best practices for the northeastern United States (Clark, 2007) . Seeding rates of individual species in mixtures ranged from 25 to 50% of the monoculture rate based on phenology, prior research, and recommendations from local farmers (Table 2) . With the exception of forage radish, winter killed species were planted in mixtures at 50% of the monoculture planting rate to promote establishment. Forage radish was planted at 25% of the monoculture rate following U.S. Department of Agriculture recommendations (Jacobs, 2012) . The mixture seeding rate for winter hardy species was 40% of the monoculture rate, with the exception of cereal rye. In local trials, cereal rye was planted at 70% of the monoculture rate in three species mixes (R.J. Hoover, personal communication, 2011) ; in this study, the rate was reduced to 50% for four and eight species mixes.
To effectively terminate and incorporate the high biomass cover crops into the soil, cover crops were sprayed with glyphosate and subsequently flail mowed approximately 2 wk before corn planting. Cover crop residues were incorporated by moldboard plowing at least 3 d before planting. Glyphosate resistant corn was planted across the experimental plots at 74,100 seeds ha -1 (30,000 seeds acre -1 ) on 31 May 2012 and 4 June 2013, and weeds were managed with herbicide treatment as needed. No fertilizer was applied at the time of planting. When corn was approximately 30 cm in height, 150 kg N ha -1 as urea-NH 4 NO 3 (UAN) was applied to half of each plot in a surface band. Corn grain was harvested on 30 Nov. 2012 and 20 Nov. 2013 using a small plot combine to measure yield in the two center rows of each subplot. In this paper, we report only yields from subplots that did not receive UAN. All yields were adjusted to 15.5% moisture. 
Treatment † Description
Seeding rate Data Collection Aboveground biomass in each cover crop system was sampled in fall before the first killing frost and spring immediately before termination by destructive harvest of four 0.25 m 2 quadrats per plot. At harvest weed and cover crop biomass were segregated and cover crop biomass further sorted by species. Samples were dried at 60°C, weighed, and the entire sample ground for elemental analysis. The C and N concentration of cover crop biomass was determined by combustion analysis (Elementar Vario Max N/C Analyzer; Horneck and Miller, 1998) .
Potentially leachable nitrate (NO 3 -) was measured using buried anion resin materials. In Year 1 (2011) (2012) , the quantity of potentially leachable NO 3 -in the fall (AugustNovember) was determined using anion exchange resin membranes (type AR204-SZRA; Ionics Inc., Watertown, MA). At cover crop planting, three membranes (0.02 by 0.04 m, punched with a 0.007-m-diam. hole) were buried in each plot at a depth of 0.3 m. Membranes were oriented at a 45° angle. The anion exchange capacity of the membrane was 0.07 mmol c cm -2 , approximately equivalent to 15 mg NO 3 -N per double-sided membrane. Considering the aerial projection of the membrane when installed at a 45° angle and the adsorption capacity of the upward facing side, it could theoretically adsorb a loading of 132 kg NO 3 -N ha -1 in percolating soil water. Membranes were removed in November at the first killing frost and extracted with 50 mL of 2 mol L -1 KCl. At the same time membranes were removed, three anion resin bags were buried in each plot between cover crop rows at a depth of 0.3 m to measure spring NO 3 -leaching. Resin bags were constructed by enclosing 100 mL of moist anion resin beads (Purolite A-400, Res-Kem General Water, Media, PA) in an organza fabric bag and sewing the bag closed to a final dimension of 0.13 by 0.13 m. The anion exchange capacity of the resin beads was 1300 mmol c L -1 , approximately equivalent to 1.82 g NO 3 -N per bag. Considering the aerial projection of the resin bag, it could theoretically adsorb a loading of 1077 kg NO 3 -N ha -1 in percolating soil water. We changed from using resin-impregnated membranes to resin bags to estimate leachable NO 3 -because the porous structure allows soil water to percolate through the resin, as opposed to moving across the membrane surface, thereby offering a better estimate of NO 3 -moving through the soil profile (Schnabel, 1983) . Furthermore, the size of the resin bags compared to the membranes increased the aerial projection of the resin materials 30-fold, improving the ability of the resins to integrate across meso-scale variability in water movement through the soil profile. To bury the bags, soil was removed with an auger to create a hole with a 0.15 m diam. Rocks were removed before placing the bag at the bottom of the hole. Bags were recovered before cover crop termination and extracted twice with 300 mL 3 M KCl. The theoretical extraction efficiency of a single extraction using 300 mL of 3 M KCl is 87%, thus two extractions would yield 98% efficiency. In laboratory testing, we measured 97% efficiency of the two extractions (data not shown). In year 2 (2012-2013), four anion resin bags were buried in each plot immediately following cover crop planting. Two bags were removed in November 2012, and the remaining two were removed in May 2013. Bags were extracted once with 500 mL 3 M KCl (a theoretical extraction efficiency of 92%). All extracts were filtered through Whatman 42 filter paper and frozen until analysis. A colorimetric microplate technique based on the Greiss reaction was used to determine the concentration of NO 3 -N in all extracts (Doane and Horwath, 2003) . For resin membranes, the entire surface area (both sides of the double-sided membrane) was used to convert the concentration of NO 3 -N to an index of potentially leachable NO 3 -as follows:
where PLN is the quantity of potentially leachable NO 3 -in kg NO 3 -N ha -1 , M NO3-N is the mass of NO 3 -N accumulated on the membrane in g, and SA RM is the surface area of the resin membrane (0.0015 m 2 ). For the resin bags, we assumed that all nutrient inputs were derived from directly above the bag, therefore, an index of potentially leachable NO 3 -was calculated as follows:
where PLN is the quantity of potentially leachable NO 3 -in kg NO 3 -N ha -1 , M NO3-N is the mass of NO 3 -N accumulated on the membrane in g, A RB is the area of the resin bag (0.0161 m 2 ). In year 1, resins were placed in three of four blocks, and the treatment average from the resin-containing blocks was used to estimate N loss from the fourth block.
Soil inorganic N concentration [the sum of ammonium (NH 4 + ) and NO 3 -expressed in mg N kg -1 soil] was measured through bi-weekly soil sampling in corn beginning at planting and continuing until mid-August. A final sample was taken in mid-October of each year after corn had begun to dry. All soil sampling occurred in the half of each plot that did not receive UAN. At each sampling event, three cores (0.20 m depth by 0.02 m i.d.) were collected in each plot and homogenized. Extractable inorganic N was quantified on a 20 g (fresh weight) subsample extracted with 100 mL 2 M KCl and 1 h of shaking followed by filtration through Whatman 1 filter paper. Extracts were frozen until analysis. Following filtration, remaining soil was sieved to 2 mm to determine the rock fraction of the extracted subsample. A separate 10-g subsample was dried at 105°C for at least 24 h, weighed, and sieved to 2 mm to determine gravimetric water content of the fresh soil. Extracts were analyzed for NH 4 -N using a microplate colorimetric technique based on the Berthelot reaction (Sims et al., 1995) and for NO 3 -N using a microplate colorimetric technique based on the Greiss reaction (Doane and Horwath, 2003) . Soil bulk density (Mg m -3 ) was measured in April preceding cover crop termination using the core method (Blake and Hartge, 1986) with six cores (0.20-m depth by 0.02 m i.d.) collected per plot. Bulk density was used to convert inorganic N concentrations to soil N content (kg N ha -1 ).
Ecosystem Service Quantification
Five ecosystem services were quantified from each cover crop treatment: weed suppression during the cover crop season, retention of N against leaching loss (i.e., the prevention of NO 3 -leaching) during the cover crop season, aboveground biomass N contributed to the agroecosystem via recycling and fixation, inorganic N supply during the subsequent cash crop season, and subsequent corn yield. With the exception of aboveground biomass N, ecosystem services were quantified relative to the no cover crop treatment in a given year. This approach accounts for differences in site-years that may impact services (e.g., differences in native soil N and weed seedbanks between sites, temperature, and precipitation variation between years) and allows for analyses of cover crops and ecosystem services across site-years to identify generalizable patterns in relationships between the two. The methods for calculating each service value (see below) also result in service values that accrue in the same numerical direction, that is, a higher value indicates greater service provision. Negative service values, therefore, indicate that the cover crop performed worse than the no cover crop control for a given service. The weed suppression service was calculated as:
where S W is weed biomass suppressed in kg dry matter ha -1 , W C is weed biomass accumulated in the no cover crop control during the cover crop season, and W T is weed biomass accumulated in the cover crop treatment. The N retention service was quantified based on indices of potentially leachable NO 3 -using the following equation:
where S NR is N retained in kg NO 3 -N ha -1 , PLN C is potentially leachable NO 3 -in the no cover crop control, and PLN T is potentially leachable NO 3 -in the cover crop treatment. Aboveground biomass N contributed to the system was estimated as:
where S NC is N contributed in kg N ha -1 , AGB-N F is the quantity of N in cover crop aboveground biomass sampled in the fall and AGB-N S is the quantity of N in cover crop aboveground biomass sampled in the spring. We recognize that this calculation may overestimate aboveground biomass N contributions from the winter hardy cover crop species, as an unknown portion of N contained in the fall biomass sampling is likely carried forward to the spring biomass sampling and double counted. The inorganic N supply service was calculated as:
where S NS is inorganic N supplied during the subsequent corn season in kg inorganic N ha -1 , ∫ ( ) b T a f x dx is the area under the curve of soil inorganic N measurements from the cover crop treatment from the time of corn planting (a) through cessation of N uptake (b) and
is the area under the curve of soil inorganic N measurements from the no cover crop control during the same time period. The calculated area was divided by the number of days elapsed, therefore the derived metric reflects the average soil inorganic N content during the corn growing season. The yield service was calculated as:
where S Y is yield service in kg ha -1 , Y T is the corn grain yield (moisture adjusted to 15.5%) following the cover crop treatment and without N fertilization, and Y C is the corn grain yield following the no cover crop control and without N fertilization. Service values were standardized within each year before regression analysis using Z-transformation (the number of standard deviations each observation fell above the mean; Maestre et al., 2012) .
Data Analysis
Ordinary least-squares regression of species richness (the number of species present in the aboveground biomass, which was equivalent to the number of species planted in each plot) against total biomass production (the sum of fall and spring aboveground dry matter) was used to determine if increasing diversity led to increased cover crop productivity. The adjusted coefficient of determination (R 2 ) served as an indication of model goodness of fit. Analysis of variance was used to test if planned complementarity for N acquisition and phenology led to transgressive overyielding using selected mixtures and their component monocultures. For phenological complementarity tests, ANOVA was performed on total, fall, and spring biomass production. A mixed model was used to assess cover crop biomass differences with treatment as a fixed effect and random effects of year and block. Examination of model residuals indicated that biomass distribution met assumptions of normality and did not require transformation. Where significant treatment differences were detected, Tukey's honestly significant difference (HSD) at a = 0.05 was used to separate means. Two sample t tests further evaluated the effect of complementarity on mixture biomass by comparing winter hardy mixtures with or without N complementarity and N scavenging mixtures with or without phenological complementarity. Aboveground cover crop biomass is presented in kg shoot dry weight ha -1 ± 1 SE of the mean.
Before determining if cover crop biomass and C/N ratio predicted ecosystem services, ANOVA was used to test if cover crop treatment was a robust predictor of ecosystem services across years. The model included fixed effects of treatment, experimental year, and their interaction, and a random block effect. Only treatments planted both years of the study were included and analysis was performed on measured values. Weed biomass and potentially leachable NO 3 -data were transformed to ln(n+0.5) and aboveground biomass N and soil inorganic N data were transformed to ln(n+0.0005) for analysis to meet the assumption of a normal distribution of model residuals. To determine if cover crop treatments provided each service, we used Dunnett's test to compare measured values from each treatment to the control value within each year (Bretz et al., 2011) . The model for this test included the fixed effect of treatment and a random block effect. Significant differences were based on a = 0.05.
Regression analysis was used to determine if cover crop biomass predicts the five ecosystem services quantified and to evaluate the relationship between cover crop C/N ratio and services. The predictor variable for biomass regressions was the sum of fall and spring aboveground cover crop biomass. We do not claim that the sum of fall and spring biomass is necessarily equal to the actual total biomass production within a plot, because an unknown portion of biomass from winter hardy species sampled in the fall is likely carried forward to the spring sampling date and counted twice in this calculation. Rather, the sum of fall and spring biomass represents the level of sustained cover crop biomass production across the fall and spring sampling dates and is a metric that could be relevant to the ecosystem services provided by a growing cover crop, such as weed suppression and N retention. The predictor variable for regressions with C/N ratio was a composite C/N ratio calculated as the summed biomass C content (kg C ha -1 ) divided by the summed biomass N content (kg N ha -1 ) for all species within a plot using the C and N contents of winter killed species at the fall sampling date and winter hardy species at the spring sampling date. In contrast to the aboveground biomass metric, the composite C/N ratio calculation uses the biomass C and N contents for each phenological category at the period of maximum biomass accumulation (i.e., fall for winter killed species and spring for winter hardy species) because the influence of cover crop C/N ratio on ecosystem services is related to the maximum quantities of biomass C and N available for microbial decomposition on cover crop death. For each relationship examined, four models were fitted: linear, quadratic, linear with plateau, and quadratic with plateau. Analysis was limited to these potential models as they are agronomically relevant and easily interpretable (Cerrato and Blackmer, 1990; Grassini et al., 2013 ). Akaike's information criterion (AIC) identified the best fit model for each relationship (Burnham and Anderson, 2002) . All analyses were conducted in R statistical software (R Development Core Team, 2013).
RESULTS AND DISCUSSION

Cover Crop Biomass Production
Aboveground biomass production (Table 3) was lowest for the winter killed legumes, soybean [Glycine max (L.) Merr.] and sunn hemp (Crotolaria juncea L.). We attribute poor biomass accumulation in both years to planting outside the optimal window for these species and a shallow planting depth. To accommodate the majority of species used in the experiment, all monocultures and mixtures were drilled at a depth of 2.5 cm, which may have been too shallow for large seeded species like soybean and sunn hemp and too deep for small seeded species such as red clover (Trifolium pratense L.) and canola (Brassica napus L.). Alternative seeding strategies are available to growers to overcome the challenge posed by varying seed sizes in cover crop mixtures, such as drilling some species and broadcasting others. The highest biomass cover crop monocultures were the winter hardy non-legumes, canola, and cereal rye (Table 3) .
In Year 1, a mixture of canola, cereal rye, barley (Hordeum vulgare L.), and ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] (7415 ± 424 kg ha -1 ) produced the most biomass among four species mixes. In Year 2, the four species mixture of red clover, hairy vetch, canola, and cereal rye was the most productive (9531 ± 252 kg ha -1 ). Across years, production by the eight species mixtures (one in Year 1 and two in Year 2) ranged from 6972 ± 257 to 8095 ± 905 kg ha -1 . Cover crop biomass was generally higher in Year 2, largely driven by higher production by all species in the fall (Table 3) . We attribute this response to an earlier planting date in Year 2. There were also changes in the composition of mixtures between years (Table 3) . Notably, cereal rye represented at least 75% of spring biomass in mixtures in which it was present in Year 2 (Table   3) 27 kg inorganic N ha -1 in Year 2). Another notable change in composition between years was the contribution of hairy vetch to spring biomass, which was lower in Year 2 (<1000 kg ha -1 ) than Year 1 (>2000 kg ha -1 ). This result may have been due to poor overwinter survival (also evidenced by lower hairy vetch biomass in monoculture in Year 2 compared to Year 1, Table 3 ) or competition with cereal rye in Year 2. In Year 1 our region experienced above normal winter temperatures (January-March averages: 2012 = 3.24°C, 30-yr = -0.35°C; NOAA weather station USC00368449) which led to atypical overwinter survival by oat and may have supported overwinter survival by hairy vetch and red clover.
There was a positive relationship between species richness (the number of species present in aboveground biomass) and cover crop biomass, with a 533 kg ha -1 increase in shoot dry weight for each cover crop species added (P < 0.01, R 2 = 0.15; Fig. 1 ). We had expected that increased cover crop diversity would lead to increased productivity based on the biodiversityecosystem function (BEF) relationship that is well-established in ecological literature (Hooper et al., 2005; Cardinale et al., 2012) . The proportion of variation in cover crop biomass explained by species richness in this experiment is, in fact, comparable to the variance in grassland productivity explained by species richness in experimental (R 2 = 0.18) and natural grasslands (R 2 = 0.16) from early BEF studies (Tilman et al., 1996) . In natural systems, one explanation for the positive relationship between diversity and productivity is the "sampling effect"-as the number of species in a mixture increase, so does the likelihood that a highly productive species will be in the mix (Loreau and Hector, 2001) . Cereal rye, the most productive species used in the experiment, was included in both of the highest diversity mixtures. Species selection, therefore, may have driven up average biomass production by eight-species mixtures and contributed the observed result. Further analyses of high diversity mixtures across additional site-years are needed to determine if our results are generalizable across an array of cover crops under varying growing conditions. This study does provide initial evidence of a positive, though weak, correlation between the number of species in a mixture and resulting cover crop biomass.
Complementarity and Cover Crop Biomass Production
Analysis of variance was performed on a four species mixture of canola, cereal rye, red clover, and hairy vetch and the component monocultures to evaluate the impact of N functional complementarity on cover crop biomass. Across years, the mixture produced as much biomass (8115 ± 589 kg ha -1 ) as canola (7503 ± 393 kg ha -1 ) and cereal rye (8509 ± 613 kg ha -1 ) monocultures ( Fig. 2A) . Further, there was no difference in biomass between the winter hardy mixture of hairy vetch, red clover, canola and cereal rye (8115 ± 589 kg ha -1 ) that included N functional complementary and that of barley, ryegrass, canola, and cereal rye (7420 + 438 kg ha -1 ), which did not include N functional complementarity (t =-0.95, df = 14, P = 0.35). Contrary to expectations, complementary N functions in a cover crop mixture did not lead to greater biomass production compared to component monocultures. Complementary N function can lead to facilitation, an increased N availability to non-legume species due to the presence of N 2 -fixing legumes. It has been shown that this interaction can increase cereal productivity in cereal-legume intercropping systems (Ren et al., 2014) , but there was no evidence that a grass-legume interaction supported increased cover crop yields in this study. This result may have been due to several factors such as seeding density, climate, or soil fertility. The comparison of winter hardy mixtures with and without legumes provided further evidence that N complementarity did not support higher biomass production by cover crop mixtures. While biomass did not benefit from N complementarity in mixtures, combining high growth potential non-legumes with legumes that have lower growth potential was not detrimental to biomass production (Snapp et al., 2005) . Incorporating N complementarity in a cover crop mixture may offer ecosystem service benefits even if total biomass production is not enhanced (see discussion below), as has been demonstrated in grass-legume bicultures (Ranells and Wagger, 1997) . While the results of this study indicate that N functional diversity in a mixture does not compromise or enhance cover crop biomass production, further research is needed to more fully ascertain N complementarity impacts on ecosystem services.
Analysis of variance was performed on a mixture of forage radish, oat, canola, and cereal rye and the component species in monoculture to assess the effects of phenological complementarity on cover crop biomass. Across years, mixture biomass (6399 ± 362 kg ha -1 ) was lower than that of the most productive monocultures, canola and cereal rye (Fig. 2B) . This mixture was also compared to a four-species mixture that did not include phenological complementarity (canola, cereal rye, barley, and ryegrass). Biomass production of the non-phenologically diverse mixture (7420 ± 438 kg ha -1 ) was not statistically different than the phenologically diverse mixture (t = 1.80, df = 14, P = 0.09). We had hypothesized that combining winter killed and winter hardy non-legumes would result in greater total production than component monocultures by maintaining productivity throughout the cover crop season, that is, winter-killed species in the mixture would maximize biomass production in the fall and winter hardy species would maximize biomass production in spring. Analysis of variance on seasonal biomass production, however, indicated that mixture biomass in the fall was intermediate between winter killed and winter hardy cover crop monocultures (Table 4) . Winter killed monocultures (forage radish and oat) did tend to produce more biomass than winter hardy monocultures (canola and cereal rye) in the fall, suggesting that the mixture could potentially have higher fall productivity than a winter hardy monoculture. Fig. 1 . Cover crop biomass production as related to the number of species present in the aboveground biomass in each plot (species richness). Observations from both site-years and all treatments were included in the analysis. Fig. 2 . Effect of (A) N functional complementarity and (B) phenological complementarity on cover crop biomass production (the sum of fall and spring aboveground biomass). CA, canola; CR, cereal rye; FR, forage radish; HV, hairy vetch; OA, oat; RC, red clover. In each panel "MIXTURE" is the four species mixture containing all of the monocultures included in the ANOVA. Site-year was included as a random effect in the ANOVA model. Lowercase letters indicate treatment differences based on mean separation using Tukey's honestly significant difference (HSD) at a = 0.05. Error bars are 1 SE of the mean.
Maximizing biomass from winter killed species in a mixture may, however, result in lower plant densities of winter hardy species due to competition or seeding rate adjustments that could limit biomass production of winter hardy species in the spring. This trade-off is one example of the factors that must be considered in determining optimal species combinations and seeding rates for mixtures. Sustaining maximum biomass production throughout the cover crop season could ultimately enhance provision of ecosystem services mediated by cover crop biomass (Schipanski et al., 2014) .
Are Cover Crop Mixtures More Productive than Monocultures?
Regression analysis provided evidence of overyielding by mixtures vs. monocultures (average biomass in mixtures was higher than the average of monocultures), however, determining if mixtures exhibit transgressive overyielding (mixture biomass that exceeds the most productive monoculture) may be more relevant to farmers. The range in productivity at each richness level in our study indicates that cover crop mixtures did not exhibit transgressive overyielding (Fig. 1 ) and specific tests of the effects of complementarity on cover crop biomass provided no evidence of transgressive overyielding by mixtures (Fig. 2) . This finding reflects a potentially overlooked nuance in the diversity-productivity relationship. Similar to our analysis, the general BEF relationship indicates that diverse species assemblages will not necessarily produce more biomass than a highly productive single species (Cardinale et al., 2012) . So, although increasing cover crop species richness may increase biomass on average, using more diverse mixtures will not necessarily result in greater biomass production than a highly productive cover crop monoculture. In other words, if the management goal for a cover crop is to provide as much biomass as possible, a mixture may not be necessary.
When considering the application of these findings in agronomic systems, it is important to recognize that biomass production can be influenced by seeding rates of monocultures and mixtures (Garnier et al., 1997) . Cover crop studies using substitutive seeding rates (each species seeded at its optimal monoculture rate divided by the number of species in the mix) found that cover crop mixtures produced more biomass than the average of the individual species grown in monoculture, but mixtures did not exhibit transgressive overyielding (Wortman et al., 2012; Smith et al., 2014) . In this study the same outcome occurred with higher mixture seeding densities, indicating that "over-seeding" a mixture is not likely to lead to productivity gains. Identifying seeding rates for cover crop mixtures that achieve optimal biomass production and are economically feasible is an important issue for further research.
Ecosystem Services from Cover Crops
Measured values used to quantify five cover crop ecosystem services are presented in Fig. 3 . Significant interactions between cover crop treatment and year for each of the measured variables indicated that cover crop treatment was not a robust predictor of service provision across years (treatment × year interaction for each service, weed biomass: F 16,95 = 4.70, P < 0.0001; potentially leachable NO 3 -: F 16,95 = 4.84, P < 0.0001; aboveground biomass N: F 16,95 = 4.70, P < 0.0001; soil inorganic N: F 16,95 = 3.84, P < 0.0001; corn yield: F 16,95 = 12.85, P < 0.0001). Predicting services from cover crops will, therefore, require an understanding of the cover crop stand characteristics that drive service provision. One aim of this study was to test the assumption that increasing cover crop biomass leads to greater ecosystem service provision and to compare the relationship between cover crop biomass and services to the relationship between a cover crop functional trait (biomass C/N ratio) and ecosystem services. The relationship between biomass and services was service-dependent, and for certain services, the biomass quality (C/N ratio) predicted service provisioning as well as or better than biomass quantity.
Increasing cover crop biomass had a positive influence on weed suppression up to a plateau point at a cover crop biomass of 4625 ± 509 kg ha -1 , above which weeds were suppressed nearly 100% (Fig. 4A) . Previous research has shown that increasing residues of cereal rye and hairy vetch can reduce weed seedling emergence following cover crop termination (Mohler and Teasdale, 1993; Mirsky et al., 2013) . Our data demonstrate a similar positive relationship between standing cover crop biomass and weed suppression during the cover crop season. By using standardized service values these data also show that this relationship applies to a variety of species and species combinations under high (Year 1) and low (Year 2) levels of weed pressure. Cereal rye and canola monocultures and mixtures containing these species exceeded the biomass threshold for weed suppression and controlled more than 95% of weeds in both years (Fig. 3A) . Given that many cover crop species have the potential to produce more than 4625 kg ha -1 (Clark, 2007) , the potential of mixtures to enhance this service relative to high-yielding monocultures may be limited. Biomass (Fig. 4A ) explained more variation in weed suppression than C/N ratio (Fig. 4B) , indicating that this service is driven by cover crop quantity more so than cover crop quality.
Nitrogen retention exhibited a positive relationship with both cover crop biomass (R 2 = 0.53) and C/N ratio (R 2 = 0.50) that plateaued at 6919 ± 580 kg ha -1 and 27.8 ± 2.3, respectively ( Fig.  4C and 4D ). Above each of these plateau points, cover crops retained nearly 100% of potentially leachable NO 3 -(measured in the no cover crop control). The relationship between increased biomass and N retention is due to increased plant N uptake. Table 4 . Seasonal and total cover crop biomass production by a phenologically diverse mixture and component monocultures. Numbers in parentheses indicate the standard error of the mean. Site-years are included as random effects in the ANOVA model. Means within a column followed by the same letter are not significantly different based on Tukey's honestly significant difference (HSD) at a = 0.05.
Component
Cover crop biomass Fall Spring † Total ------------kg dry matter ha -1 ------------Forage radish (FR) 2252 (365) Although numerous studies have demonstrated that N uptake by cover crops reduces N leaching (Tonitto et al., 2006) , regression analysis using standardized service values provides strong evidence of a link between cover crop biomass production and N retention across a range of cover crop species and mixtures. The positive relationship between N retention and cover crop C/N ratio reflects the ability of non-leguminous species to outperform leguminous species in retaining N (Tonitto et al., 2006) . In this study, the dynamic was manifest in the failure of legume monocultures to retain N while three of four non-legume monocultures did provide this service (Fig. 3B) . Cereal rye and canola monocultures and mixtures including these species retained 85 to 97% of potentially leachable NO 3 - (Fig. 3B) , an outcome we attribute to biomass production above 6919 kg ha -1 , the plateau point of the biomass-N retention relationship. Therefore, like weed suppression, this biomass-driven service may not benefit from the use of a cover crop mixture. However, the correlation between N retention and cover crop C/N ratio indicates a potential role for mixtures relative to this service. The C/N ratio of mixtures incorporating N functional complementarity is generally higher than legume monocultures (Table 3) , which can increase N retention (Fig.  4D) . The capacity of grasses such as cereal rye to compensate for poor N retention by legumes has been one of the drivers of adoption of grasslegume bicultures (Teasdale and Abdul-Baki, 1998; Hayden et al., 2014) . Combining hairy vetch and red clover with canola and cereal rye led to N retention in both years (Fig. 3B) , indicating that higher diversity mixtures with N complementarity can benefit N retention when including a legume cover crop is desirable. (-) . Service provision was determined using a Dunnett's test to compare the measured value for each treatment to the no cover crop control in the same year, and significance was based on a = 0.05 (Dunnett's test was not performed on aboveground biomass N, as there was no value for this service from the control). BA, barley; CA, canola; CR, cereal rye; FM, foxtail millet; FR, forage radish; HV, hairy vetch; OA, oat; RC, red clover; RG, ryegrass; SB, soybean; SH, sunn hemp; 8CCa, mixture of eight species grown in monoculture; 8CCb, eight species mixture of N-scavenging species (planted only in Year 2). Error bars represent 1 SE of the mean. Fig. 4 . Relationships of ecosystem service provisioning levels to cover crop biomass (left column) and carbon to nitrogen (C/N) ratio (right column): weed suppression (panels A and B), N retention (panels C and D), aboveground biomass N (panels E and F), inorganic N supply (panels G and H), and yield (panels I and J). The best fit model chosen from linear, quadratic, linear plus plateau, and quadratic plus plateau is shown for each relationship. The y axis is the Z score of each service. Observations from both site years and all treatments were included in the analysis.
Aboveground biomass N was positively influenced by cover crop biomass (R 2 = 0.54) but unrelated to C/N ratio ( Fig. 4E  and 4F ). Similar to the mechanism governing the relationship between N retention and cover crop biomass, increased aboveground biomass N is due to greater N uptake (by non-legumes) or N fixation (by legumes) as biomass production increases. Aboveground biomass N plateaued above a cover crop biomass of 8366 ± 1120 kg ha -1 , which may represent the threshold where non-legume cover crops meet the N requirements of growth through translocation rather than N uptake. The lack of a relationship between aboveground biomass N and cover crop C/N ratio may seem surprising, but can be explained by the winter killed monoculture and mixtures in the dataset. These treatments had low to moderate C/N ratios and low biomass production, and thus low aboveground biomass N content. Within this dataset, variation in biomass production among treatments drove aboveground biomass N more so than variation in biomass C/N ratio. When the winter-killed treatments are excluded from the analysis, the relationship between aboveground biomass N and C/N ratio becomes significant and aboveground biomass N decreases as C/N ratio increases (data not shown, R 2 = 0.35).
Nitrogen supply exhibited a quadratic relationship with cover crop biomass that explained 12% of the variation in service provision (Fig. 4G) . The relationship with cover crop C/N ratio offered greater explanatory power (R 2 = 0.33) for N supply and indicated a negative relationship between C/N ratio and N supply until the C/N ratio reached 33.8 ± 5.8, after which N supply plateaued (Fig. 4H) . Not surprisingly, hairy vetch supplied inorganic N during the subsequent cropping season in both years, while red clover supplied N in Year 1, though not Year 2. In Year 1, two mixtures containing red clover and hairy vetch also supplied N and no treatments led to an N supply disservice. In contrast, no mixtures supplied N in Year 2 and four mixtures, all including cereal rye, had negative service values indicative of N immobilization (Fig. 3D) . Differences in mixture composition, and specifically the dominance of cereal rye in Year 2 mixtures, led to higher cover crop C/N ratios in mixtures that had supplied N in Year 1 (Table 3) , which adversely impacted inorganic N supply from these treatments in Year 2 ( Fig. 4H; Fig. 3D ).
A linear relationship between cover crop C/N ratio and corn yield explained a higher proportion of variability (R 2 = 0.55) than cover crop biomass (R 2 = 0.23); Fig. 4I and 4J ). As expected, winter hardy legume monocultures (red clover and hairy vetch) increased corn yield relative to the no cover crop control when no additional fertilizer was added (Fig. 3E) . The mixture of red clover, hairy vetch, oat, and forage radish also provided a yield service in Year 1 (Fig. 3E) , which regression analysis suggests was due to moderate biomass production and a low C/N ratio (Table  3) . Other mixtures that provided a yield service in Year 1 were the four and eight species mixtures combining red clover, hairy vetch, canola, and cereal rye (Fig. 3E) . However, both of these mixtures led to a negative yield service in Year 2, which we attribute to reduced N supply caused by the cereal rye that dominated biomass composition (Table 3) . In fact, all mixtures containing cereal rye led to a yield disservice in Year 2 (Fig. 3E) . Potential yield without N addition (as measured in the no cover crop control) was higher in Year 2 (8.7 ± 0.5 Mg ha -1 ) than in Year 1 (7.0 ± 0.3 Mg ha -1 ), an indication of higher fertility at the Year 2 site that may have contributed to lower yield services from cover crops in Year 2. Further, a strong correlation (r = 0.80, P < 0.05) between the Z scores for N supply and yield indicates that N availability was a limiting factor to corn production in this study and suggests that N immobilization contributed to reduced yield services. The C/N ratio of cover crop residues is broadly recognized as a driver of cash crop yield response (Kuo and Sainju, 1998; Tosti et al., 2012) . Most studies to date have examined the C/N ratio-yield relationship for a limited number of cover crop species and species combinations. The design of this experiment resulted in a large number of data points for cover crop residues with a wide range of C/N ratios and demonstrates that a strong negative relationship between cover crop C/N ratio and corn yield (R 2 = 0.55) governs yield services when shoot residues are incorporated with tillage and no additional N fertilizer is added.
Implications for Cover Crop Mixture Evaluation and Design
Previous studies of biomass and ecosystem service benefits from cover crop mixtures have used land equivalent ratio (LER) calculations to demonstrate that mixtures are more productive than individual component species (i.e., mixtures demonstrate overyielding), but concluded that increased productivity did not lead to increased service provision compared to high performing monocultures (Wortman et al., 2012; Smith et al., 2014) . For ecosystem services that are correlated with biomass quantity, a proportional metric such as LER may not be well-suited to evaluation of service provision from cover crops (Smith et al., 2014) . This study confirms that total biomass production per unit area does influence ecosystem services; therefore, we conclude that direct comparisons of cover crop biomass are more informative than LER for estimation of services from mixtures vs. monocultures. The results also suggest that for ecosystem services that are positively correlated with cover crop biomass, mixtures that do not demonstrate transgressive overyielding will not increase service provision relative to high performing monocultures.
Though biomass was a predictor of all of the services quantified, regression analysis indicated that cover crop quality was also important to ecosystem service provision. Both N supply and cash crop yield were more strongly correlated with cover crop C/N ratio than biomass (Fig. 4G-4J ). Though the C/N ratio for aboveground biomass changes as cover crop development proceeds, the C/N ratio generally reflects a species' N acquisition strategy. We interpret the observed relationship between biomass C/N and ecosystem services as indicative of a role for N functional identity (i.e., whether or not a species is capable of N fixation) in driving ecosystem services. Though not measured in this study, other cover crop functional traits may also influence ecosystems services. For example, weed suppression can be enhanced by allelopathic compounds in specific species (e.g., DIBOA in cereal rye; Reberg-Horton et al., 2005) and yield could be affected by cover crop species-specific influences on soil biological communities (Smith et al., 2010) . Similar to a growing number of ecological studies that have found species functional traits are as important or more important than species richness to ecosystem function (Mouillot et al., 2011; Flynn et al., 2011; Cadotte, 2011) , this study suggests that the importance of functional traits also applies to cover crop diversity and ecosystem services. In other words, designing mixtures for ecosystem service provision requires consideration not only of the number of species included but also specific traits (e.g., N function as indicated by C/N ratio) of component species. Mixtures that incorporate diversity in key functional traits may be a strategy to further increase specific ecosystem services from cover crops beyond gains associated with increased cover crop biomass.
A farmer's choice of cover crop depends largely on his/her management goals. When management goals are considered on an individual basis, a single cover crop species may be sufficient and more economical than a mixture, and in some cases provide multiple benefits. Simultaneous measurement of five diverse ecosystem services in this study identified expected limitations of cover crop monocultures with regard to their ability to support multiple ecosystem services (multifunctionality); high-yielding non-legumes provided weed suppression and N retention while legume monocultures supplied inorganic N and promoted subsequent corn yields (Fig. 3) . In providing a means to influence both cover crop quantity and quality, mixtures have the potential to simultaneously provide a higher number of services. In the first year of our study, we observed that the eight species mix combining legumes and non-legumes provided all five of the services measured (Fig. 3) . We did not observe the same multifunctionality in the second year, presumably due to the dominance of cereal rye in this mix. Our findings raise several questions for further research: (i) To what extent do cover crop mixtures support agroecosystem multifunctionality? (ii) How much diversity do we need to enhance multifunctionality? For instance, grass-legume cover crop bicultures are used to both retain N and supply N to a subsequent crop (Ranells and Wagger, 1997; Hayden et al., 2014) . Can these systems provide additional services or are more species needed to provide more functions? Our capacity to address these questions is currently limited by a lack of rigorous approaches to quantify multifunctionality. This is, however, a burgeoning area of ecological research that is likely to yield tools applicable to the assessment of multifunctionality in agroecosystems (Byrnes et al., 2014) . Such assessments will also require more than the 2 site-years included in this study to adequately capture inter-annual variability in cover crop mixture yield and composition that may impact service provision and to test ecological theories that suggest mixtures will buffer against such variability (Yachi and Loreau, 1999) .
CONCLUSION
Two key assumptions underlie a renewed interest in using diverse cover crop mixtures to enhance ecosystem services from agriculture: (i) diversity will increase cover crop biomass production and (ii) increased cover crop biomass will enhance ecosystem services. We found a positive relationship between the number of species in a mixture and biomass (R 2 = 0.15), but did not identify any mixtures that produced more biomass than the most productive monocultures across two growing seasons. This study also confirmed the assumption that there is a positive relationship between cover crop biomass and several ecosystem services, namely weed suppression, N retention, and aboveground biomass N; however, because mixtures did not produce more biomass than highly productive monocultures, mixtures did not outperform monocultures in providing these biomass-driven services. Contrary to expectations, incorporating complementary N acquisition strategies or phenology in mixtures as a means to boost productivity did not lead to a cover crop biomass production benefit. There was evidence, however, that complementarity did benefit ecosystem services such as N retention. This result and the fact that cover crop C/N ratio predicted N retention, inorganic N supply, and yield services indicate that species functional traits (as opposed to biomass alone) will be important for predicting ecosystem service provision from cover crop mixtures. Our study highlights the need to shift from a focus on biomass production to working to increase our knowledge of the cover crop traits that drive ecosystem services. With this knowledge, farmers can better design multi-species mixtures that capitalize on positive effects diversity has on these traits to realize a greater impact on yield and other ecosystem services from cover crops.
